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widths, FWHM, of the Si~~, Si~p, and Si~~o, are 1.1, 1.3-1.4, 
and 1.7 eV, respectively. 
Two conclusions were obtained from these results. The 
first, drawn from the peak position of the Si~p line, is that the 
chemical shift ofSi atoms in the transition region is about 1.6 
eV. In our other experiments, the true chemical shift ofSi02 
was 3.0 ± 0.2 eV.18 (Though the experimental chemical shift 
of the Si02 obtained from Fig. 2 was 3.5 eV, this value 
seemed to include the charging effect by x radiation. The 
method to obtain the true chemical shift was shown in detail 
in Ref. 18.) Thus, the chemical shift of the Si atoms in the 
transition region was about one-half that of those in Si02• 
The second conclusion, drawn from the peak intensity 
ratio I (Si~p)/ I (Si~~), is that the thickess of the transiton re-
gion at the Si-Si02 interface is 0.2--0.3 nm thick. That is, the 
value for d xl As. obtained using the data in Fig. 2 and Eq. 
"p 
(1) was 0.087. Though the actual value of As" is not known, 
"p 
it was assumed to be between 2 and 4 nm (AS'Si was 2.3 nm at 
1151 eV in kinetic energy andAs SiO, was 3.5 ~~ at 1146 eV in 
"p 
electron kinetic energy in our other experiments ll). Thus, 
the thickness of the transition region, d", was estimated to be 
0.2--0.3 nm. 
This transition region is considered to be a first mono-
layer of Si substrate in contact with Si02 film, because the 
thickness of the transition region is about the same as the 
atomic diameter of Si, and our other experimental result ll 
shows that no 0 atoms are contained in this transition 
region. 
To summarize the conclusions, it was clarified that the 
chemical shift for Si atoms in the transition region was 1.6 
e V, and this value was about one-half of that ofSi02, and that 
the thickness ofthe transition region was 0.2--0.3 nm by 
studying the angular dependence of Si2P photoelectron 
spectra. 
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Step-junction diodes are obtained from BF +2 implanted silicon irradiated by a single pulse oflight 
from a flash lamp. The FWHM is 100 fLS with energy densities ranging from 12.4 to 20.6J/cm2. 
The sheet resistance and the I-V characteristic have been used to confirm the annealing process. 
PACS numbers: 85.60. - q, 61.70.Tm, 81.40.Ef 
Recently, laser annealing 1-5 has been used as a powerful 
tool to correct flaws that are introduced during ion implan-
tation. The Q-switched solid-state laser permits a localized 
short-pulse annealing on the thin layer near the surface. 
Thus, the drawbacks arising from conventional thermal an-
nealing such as inward diffusion of surface impurities and 
lateral diffusion of the implanted dopants can be eliminated. 
Laser annealing still has disadvantages of low pumping effi-
ciency (usually less than 1 % for a solid-state laser), expense, 
and small beam profile (-100 /lm in diameter). For large-
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FIG. I. Construction of a demountable flash lamp. 
area processing and considering the economics, a high-ener-
gy-density short-pulse flash-lamp annealing might be more 
advantageous than laser annealing. So far as we know, there 
are only two papers concerning annealing by incoherent 
light sources.6 •7 In the aforementioned work, preheating the 
sample at temperatures between 500 and 600 °C is required 
to allow complete regrowth. With the construction de-
scribed here, a radily demountable flash tube provides a ca-
pacity for high-intensity irradiation and sufficies for rapid 
annealing in one flash. 
To induce a liquid-solid phase epitaxial growth from a 
thin amorphous Si layer, a threshold value of about 20 J / cm2 
should be reached for a pulse light of 50-,us duration. Longer 
pulse duration requires even higher light-energy density. In 
this study, a demountable flash lamp is designed as shown in 
Fig. 1. A gold-plated reflecting mirror is placed in back of 
the electrodes. A previous, aluminum coated mirror showed 
A 
B 
FIG. 2. Oscillograms of the current (A) andlight pulse (B). Bank voltage: 
1.4 k V, band capacitance: 600 jlF, vertical scale: I. 5 kA/ div., horizontal: 50 
jls/div., corresponding to an energy density of 12.4 J/cm2 on the sample. 
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TABLE I. Sheet resistance of the arc annealed n-type silicon wafers im-
planted by BF,+ ions with a dose of 1 X 1015 /cm2 atan energy density of 12.5 
J/cm2 • 
In energy (ke V) 
Sheet resistance (kfl /0) 
50 
0.18 
80 
0.405 
100 
1.28 
150 
1.53 
sputtering damage and evaporation after one or two flashes. 
The main electrodes are tungsten rods contained in brass 
rods which are press fitted into Telfon insulators for a vacu-
um seal. The Teflon loosely fits into a quartz tube, for the 
partial protection from shock waves. To obtain higher peak 
currents with even shorter pulse width for future studies, a 
spark gap or a thyratron could be connected in series with 
the flash tube to avoid self-breakdown when applying high 
voltage. The fill pressure of the argon gas should be kept 
below 50 Torr in order that the shock wave not destroy the 
wafers. In early work with samples placed at the focus point 
of the output-coupling lenses of the flash tube, wafers were 
not annealed successfully. 
For a high-current short-pulse discharge system, the 
resistivity of the flash arc is given by Marotta's formula 
V = k/{J·85, where k is a constant of the tube.8 The normalized 
nonlinear differential equation for the circuit is9 
dI (" 
dr ±a'III085 + Jo Idr= 1, (1) 
where 
1= i(Lo/Vo)' Zo = (LO/CO)I12 , 
T = t /(LoCo)1I2, a' = (k /Vg· 15)(Co/Lo)0425 , 
Lo is the circuit inductance, Co is the bank capacitance, and t 
is the time. The parameter a' determines whether the oscilla-
tion condition of the circuit will be underdamped, critical 
damped, or overdamped.1t is found that to obtain maximum 
efficiency of the flash tube, the circuit should be critically 
damped. From our numerical calculations, a';:::: 1.3 corre-
sponds to the critical damped condition. Oscillagrams show-
ing the current and the light pulse measured by a Rogowski 
coil and a p-i-n photodiode, respectively, are shown in Fig. 2. 
The current is seen to be slightly underdamped and the oscil-
lation will be greater if we increase either the operating volt-
age or the circuit inductance. The FWHM (full width at 
half-maximum) is about 100 ,us. 
The silicon samples ([111], 1-10 f1 cm, n-type) are im-
planted with BFt ions. The energy of implantation ranged 
from a few tens ofkeV up to 180 keY with fluences ranging 
from 1014 to 1016 ions/cm2 • The incident angle of the ion 
beam is at about 7° so as to minimize channeling behavior. 
After exposure to the flash lamp, the wafers were cleaned in 
HF to remove the oxide layer and possible surface damage, 
and rinsed in acetone and then in deionized water. The sheet 
resistance of the sample surface clearly informs us of the 
impurity activation and lattice recrystallization, therefore 
the annealing results were examined by the four-point-probe 
method. Table I shows the partial recovery of the crystalliza-
tion for different implanted ion energies at the same anneal-
ing energy density of 12.4 J/cm2 (which is estimated by con-
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TABLE II. Comparative data of the arc and isothermal annealings. 
Arc annealing (l50-keV BFt implanted at dose 1 X 1014/cm2). 
Energy density (J/cm2) 7.68 
Sheet resistance (kfl /0) 283 
Open-circuit voltage (V) 0 
10.7 
13.3 
0.31 
12.4 
1.38 
0.37 
14.2 
1.1 
0.45 
16.2 18.3 20.6 
0.99 0.58 0.46 
0.47 0.45 0.23 
Isothermal annealing (l20-keV BFt implanted at dose 1 X 1O"/cm', 750 'c annealed). 
Time (min) I 2 7 12 17 
p,(kfl /0) 0.506 0.489 0.298 0.230 0.209 
V;~ (V) 0.32 0.44 0.46 0.48 0.49 
sidering the flash tube to be an ideal black-body radiator 
with 60% conversion efficiency of electrical energy to light). 
Since the projected range Rp(E) of the ions in the sub-
strate and the straggling ofthe range.:1R p (E) as predicted by 
the LSS9 theory increase as the incident ion energy increases, 
the depth of the amorphous layer also increases. Our results 
show that at this flash power, some repair oflattice damage 
takes place, but it is not possible to activate all of the carriers. 
The higher the implanted ion energy, the lower the anneal-
ing effect. 
Table II shows that the sheet resistance steadily de-
creases as the exposing energy density increases from 7.68 to 
20.6 J/cm2, demonstrating the increase of recrystallization 
from the amorphous condition and the activation of the im-
purities. A complete melting of the amorphous layer has not 
been achieved because the wafers are broken into small 
pieces when the bank voltage of the discharge circuit exceeds 
1.8 kV with a bank capacitance of6ooJ.LF. The photovoltaic 
open-circuit voltage Voc of the wafer illuminated by AMI 
light has an optimum value of 0.47 V. Increasing the flash 
power above the critical condition, surface asperities by the 
bombarding argon ions increase the surface recombination 
velocity and consequently reduce the Voc' Annealing data 
30 
"0 E oS 
! 
c: 
• l:: 
" u 
20 
10 
for boron II indicates that temperatures in excess of 900 'C 
are needed if activation is to be achieved in a reasonable time. 
It is also clear that higher doses (i.e., 1Q15/cm2 as opposed to 
1Q14/cm 2) require substantially longer times to achieve the 
same level of activation. The isothermal annealing of the 
wafers at 750 'c as shown in Table II is compatible with the 
results of annealing by the incoherent light source. 
The J- V plot as shown in Fig. 3 indicates that annealing 
at 20.6 J/cm2 forms an ideal diode. With lower annealing 
energy density, the cut-in voltage and the dynamic resistance 
of the diode both increase. The lie 2 vs V plot is a straight 
line which indicates that the junction has an abrupt doping 
profile. The total forward current for a p + -n junction diode 
is l2 
(Dp )112 ni (q V) JF=q- -exp-
Tp ND KT 
qV (qV) + - uvthN,n j exp -- . 
2 nKT 
(2) 
The two terms on the right-hand side represent the diffusion 
and generation-recombination currents, respectively. For 
silicon, nj is small, and for a partially annealed diode, the 
FIG. 3. The I-V characteristic of the arc 
annealed diode with flash-light energy 
density, A: 12.4 J/cm2, B: 14.3 J/cm2, 
C: 18.3J/cm2,E: 20.6J/cm';ADandBD 
correspond to A and B illuminated by 
AMI light, respectively. 
Forward VoltoQes (volts) 
75 Appl. Phys. Lett., Vol. 36, No.1, 1 January 1980 Juh Tzeng Lue 75 
Downloaded 08 Oct 2010 to 140.114.123.122. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
minority diffusion constant Dp is small, and the concentra-
tion of the trapping centers Nt is large, so that the genera-
tion-recombination current will be the dominant term. Since 
n is greater than 1, the cut-in voltage and therefore the dy-
namic resistance will be higher for an incompletely annealed 
diode than for the ideal Shockley diode. This undesired large 
cut-in voltage has also been found in laser-assisted doping in 
silicon. 13 When illuminated with AMI light, the forward 
characteristic shifts toward a lower dynamic resistance, 
showing that the photogenerated electron-hole pairs are cap-
tured by the trapping centers (Nt becomes small) and conse-
quently, the forward current reduces to the diffusion 
current. 
This work was supported by the Chinese National Sci-
ence Council. 
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Reduction of GaAs surface recombination velocity by chemical treatment 
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Chemisorbed ruthenium ions on the surface of n-GaAs decrease the surface recombination 
velocity of electrons and holes from 5 X 105 to 3.5 X 104 cm/sec. It is shown that the ions, in a one-
third monolayer thickness, are confined to the surface and do not form a new junction by 
diffusing into the GaAs. This use of Ru appears to be the first observation of the reduction of the 
surface recombination velocity for GaAs by the simple chemisorption of ions. 
PACS numbers: 73.20.Hb, 82.65.My, 68.45. - v 
Surface recombination of carriers at the GaAs-air inter-
face severely limits the perfomance of minority-carrier de-
vices such as solar cells and detectors. This limitation may be 
overcome by growth of a layer of Gal _ x AI" As on the air-
exposed GaAs surface. The recombination velocity S at the 
GaAs-Gal _ x Alx As interface is 450 ± 100 cm/sec, 1.2 three 
orders of magnitude smaller than at the GaAs-air interface. 
Aside from this use of a lattice matched heterojunction, no 
other methods for the reduction of the surface recombina-
tion current are known. Common surface treatments, e.g., 
the growth of native oxides and the deposition of Si02 or 
silicon nitride, are known to alter the surface state density 
but have not been shown to decrease the surface recombina-
tion rate. For many applications however, overgrowth of a 
heteroepitaxiallayer is not practical. For the particular case 
of solar cells, calculations show that reduction of the surface 
recombination velocity from 106 to 104 cm/sec produces a 
large efficiency increase while further reduction yields only a 
small improvement in efficiency.3 We report here a method 
for reduction of the recombination velocity at the GaAs-air 
interface to 3.5 ± 0.5 X 104 cm/sec by a simple chemical 
treatment of the GaAs surface. Surface recombination ve-
locities are determined by photoluminescence time-decay 
measurements. 1.2 To the best of our knowledge, this is the 
first instance in which a persistent improvement has been 
reported for GaAs. The chemical treatment used here has 
previously been reported to enhance energy conversion effi-
ciency of n-GaAs/S = -Sex= -OH - /C liquid junction solar 
cells4-6 significantly. 
The samples used in this work were Gao.4 Alo.6 As-
GaAs-Gao.4AIa.6As heterostructures grown on (100) GaAs 
substrates by a near-equilibrium LPE process. 7 All three lay-
ers were doped with Te. Hall measurements on similar sam-
ples give n = 2 X 1017 cm - 3 for the GaAs layer. The top 
Gal _ x Alx As layer was removed by HF etching to produce 
a GaAs-air interface. Photoluminescence time decay mea-
surements were then made through a window etched in the 
GaAs substrate as shown in the inset of Fig. 1. A 
Gal_xAlxAs laser emitting at a wavelength of 7900 A was 
used as a photoexcitation source. 8 Light of this wavelength 
penetrates the Gal _ x Alx As layer and is absorbed in the 
GaAs layer. The time decay of the GaAs luminescence is 
measured using a photon-counting system9 with a response 
time of 0.3 nsec. 
The luminescence decay time r of the fundamental de-
cay mode is given by I 
(1) 
where r B is the lifetime of the GaAs material, Dp is the mi-
nority-carrier diffusion coefficient, d is the GaAs layer 
thickness, and Tlo (0 < Tlo < 1T/2) is determined from the 
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